Objective: To evaluate the plasma kinetics in man of epicatechin from black chocolate. Design: An intervention study with 8 volunteers. Each served as his own control. Theobromine was used as control marker of the chocolate intake. Setting: Metabolic Unit, Nestle Â Research Center, Vers-chez-les-Blanc, Switzerland. Subjects: Eight healthy male volunteers (4 smokers and 4 non-smokers) were enrolled in this study. They abstained from foods rich in polyphenols (coffee, tea, wine, fruit juice, cocoa products) for 24 h prior to the test until its completion. Intervention: Volunteers ate 40 g and 80 g of black chocolate (Nestle Â Noir) together with bread with a one-week interval. Blood samples were drawn every hour during the ®rst 4 h and a last one at 8 h after chocolate consumption. Plasma samples were analysed for epicatechin and theobromine content by HPLC. Results: Plasma concentrations of epicatechin and theobromine increased markedly after chocolate consumption (P 0.002 and P 0.001, respectively), reaching a maximum between 2 and 3 h. The maximal concentration and area under the curve of plasma kinetics of both substrates correlated very well with the dose of chocolate. Conclusions: Epicatechin is absorbed from chocolate and is rapidly eliminated from plasma. Attainable plasma values are 0.7 mmolal from 80 g of black chocolate.
Introduction
Lipid peroxidation and its prevention by antioxidants is a subject of concern to diverse ®elds of research, particularly preservation of food lipids and biomedicine. Beyond the classical antioxidants, vitamins E and C, plant-derived avonoid compounds have been investigated for their antioxidant activity and application in foods and biological systems. Flavonoids are an incredibly diverse group of compounds (Cook & Samman, 1996) of which catechin represents one of the major families. Tea catechins such as (À)-epigallocatechin-3-gallate and (À)-epigallocatechin have been reported to act as antioxidants and to inhibit copper-mediated LDL oxidation in vitro by scavenging oxygen radicals and chelating metal ions. Moreover, catechins exhibit stronger antioxidant activity than vitamin E (Rice- Evans et al, 1996) . In addition, catechins from green and black tea have potent anticarcinogenic activities in vitro and show protection against cancer in a signi®cant number of animal studies (Dreosti, 1996) . However, epidemiological studies investigating protective effects of teadrinking on cardiovascular disease and cancer have been equivocal (Dreosti, 1996) . Therefore, if they can be ef®-ciently incorporated into human plasma, catechins are expected to act as anti-atherosclerotic and anti-carcinogenic agents.
A biological effect of¯avonoids predicted from in vitro studies may be dif®cult to extrapolate to the in vivo situation without knowing the absorption of these compounds from the gastrointestinal tract and their metabolism in the body. Major questions are which products are formed and to what extent, and what is their biological effect. Balance studies with radiolabeled catechin have been used to quantify the absorption of catechin in rodents, monkeys and man. Catechins and their microbial degradation products are well absorbed as evaluated by excretion of 47% to 58% of total administered radioactivity into urine (Das & Grif®ths, 1969) . However, when studying the absorption of catechins from the food matrix, green tea for example, catechins are absorbed in man and recovered only by 2% in urine .
Unfermented cocoa beans are rich in polyphenols, which comprise 12 ± 18% of the whole bean's dry weight. Two major classes of polyphenols are present: catechins (with approximately 35% polyphenols as epicatechin) (Forsyth, 1955; Forsyth & Quesnel, 1963) and anthocyanins, which are responsible for the characteristic purple colour of unfermented cocoa beans (Forsyth & Quesnel, 1957) . When the beans undergo the process of fermentation and drying, the walls of the pigment cells break down and their contents are exposed to other constituents within the bean. Fermentation of cocoa beans is crucial for the development of precursors for chocolate¯avour. The colour of the bean changes from purple to brown in well-fermented beans. The polyphenols themselves undergo a variety of reactions: epicatechin diffuses from its storage cells and undergoes oxidation and polymerisation to form complex tannins (Forsyth & Quesnel, 1963; Roelofsen, 1958) , leading to a reduction of epicatechin concentration to approximately 2 ± 3 mgag fermented cocoa beans (Kim & Kenney, 1984) . Previously, cocoa polyphenols were considered only for their role on aroma and colour. More recently, they have been investigated for their antioxidant potential (Kondo et al, 1996; Waterhouse et al, 1996) . Cocoa polyphenols exhibit a strong protective effect of LDL against oxidation, in vitro. This effect has a magnitude similar to that of green tea (personal data). To produce in vivo a biological effect in blood such as the protection of LDL, it is essential that biologically relevant quantities are absorbed. The aim of the present study was to evaluate, in healthy men, the plasma kinetics of epicatechin from black chocolate. Two doses of Nestle Â Noir (40 g and 80 g) were administered.
Materials and methods

Subjects
Eight normolipedaemic healthy male volunteers (age 40 AE 15 years; weight 75 AE 9 kg; BMI 23.94 AE 2.35 kgam 2 ; means AE s.d.) were studied on two occasions with a oneweek interval. They ful®lled the following criteria: normal physical examination; no metabolic disorder; fasting plasma triglycerides below 150 mgadl, fasting plasma cholesterol below 200 mgadl. The volunteers received no medication from at least 2 weeks before the beginning of the study until the end of the study. The protocol was approved by the Ethical Committee of Nestle Â. All volunteers signed informed consent before entering the study. Body weight, dietary habits and physical activity remained constant throughout the study period.
Study design
Volunteers were asked to refrain from foods rich in polyphenols from the day before the test until its completion (the restriction concerned the intake of tea, coffee, wine, fruit juice, cocoa products). They were admitted to the metabolic unit after an overnight fast. One catheter was inserted into the antecubital vein and was used for blood collection. After a half-hour of rest, blood samples were drawn before (0 h) and at 1, 2, 3, 4 and 8 h after ingestion of chocolate.
Volunteers consumed chocolate with bread and water. The subjects were not randomised, so that all subjects ate ®rst 40 g of chocolate and one week later 80 g of chocolate. Accordingly, the total polyphenol intakes were 892 mg and 1783 mg (expressed as gallic acid equivalents), respectively, while theobromine intakes were 405 mg and 810 mg and epicatechin intakes were 82 mg and 164 mg, respectively.
Collection of plasma samples
Venous blood samples were drawn into iced glass tubes containing EDTA (1 mgaml blood). Plasma was immediately separated by low-speed centrifugation (3000 g) at 4 C for 10 min, aliquoted and stored at À80 C until analysis.
Determination of theobromine in plasma
Theobromine was determined by a method based on that described by Holland et al (1998) with some modi®cations. Plasma (100 ml) was mixed with 100 ml metaphosphoric acid (10%) and centrifuged at 3000 g for 10 min at 4 C. An aliquot of 100 ml was injected onto the HPLC system. All analyses of plasma were done in duplicate with a good repeatability (CV below 2%).
Determination of epicatechin in plasma
Epicatechin was determined by a method based on that described by Ho et al (1995) with some modi®cations. Epicatechin glucuronides and sulphates were simultaneously hydrolysed to aglycone by mixing thawed plasma (200 ml) with 20 ml of vitamin C ± EDTA solution (200 mg vitamin C, 1 mg EDTA in 1 ml water) and 20 ml b-glucuronidase and sulphatase (Sigma G 7017). The mixture was then incubated at 37 C for 45 min. Plasma was extracted with acetonitrile (0.5 ml) and centrifuged at 10 000 g for 5 min at 4 C. The supernatant was transferred to an Eppendorf tube containing 50 mg alumina (Sigma A 9003). Two washing procedures were performed with 1 ml Tris buffer followed by another washing with 1 ml methanol. Between each wash, the mixture was centrifuged at 10 000 g for 5 min at 4 C and the supernatant was discarded. An aliquot of 250 ml of perchloric acid (0.25 molal) was ®nally added to the alumina and 100 ml was injected onto the HPLC system. The recovery of the extraction was 65%. The standard curve was determined in blank plasma spiked with four different concentrations of standard. The coef®cient of variation between theoretical and assayed concentrations was found to be less than 5% (r 2 0.99986, y 5.3 3.197x, n 5). All determinations were carried out in triplicate in one series of analyses with good repeatability (CV below 5%). The limit of detection was 2 ngaml.
Chromotographic conditions
The HPLC system consisted of a HP 1100 pump (Hewlett Packard) equipped with an autosampler (Hewlett Packard), a column oven (Hewlett Packard), a diode-array detector (Hewlett Packard) in series with a¯uorescent detector (Merck) and a data acquisition system Vectra (Hewlett Packard). The ODS hypersil pre-column (C18, 5 mm, 20 6 4 mm, Hewlett Packard) protected a C18 reversedphase column (Nova-Pak, C18, 5 mm, 3.9 6 300 mm, Waters). A gradient was formed with two solvents: (A) water ± acetonitrile ± phosphoric acid (85%) (95.45:4.5: 0.05, by vol.) and (B) water ± acetonitrile ± phosphoric acid (85%) (49.95:50:0.05, by vol.). The gradient started with 90% of A for 8 min then switched to 70% of A, maintained until 15 min and ®nally to 20% of A until 30 min. The column was placed in a column oven at 32 C. The mobile phase run at 1 mlamin. Theobromine was quanti®ed by absorbance at 231 nm, while epicatechin was detected and quanti®ed by¯uorescence at 310 nm with an excitation wavelength of 280 nm.
Pharmacokinetic analysis
The plasma concentration ± time data for the epicatechin and theobromine were analysed by the Sipar software package (Simed SA, Cre Âteil, France). Kinetics were described by an one-compartment open model with a ®rst order magnitude.
Statistical analysis
Data are presented as mean AE s.d. Statistical analysis was performed using Student's paired t-test and Wilcoxon test.
Results
Cocoa contains a wide variety of polyphenolic compounds such as epicatechin, leucocyanidins, anthocyanins, complex tannins and phenolic acids. We determined, in man, the plasma kinetics of epicatechin from a chocolate matrix. Before starting chocolate administration, plasma epticatechin at 0 h (Figure 1) was very low or usually undetectable, indicating that volunteers effectively refrained from a polyphenol-rich diet. After chocolate intake, plasma epicatechin rose to 111 ngaml (0.383 mmolal) (maximum at 2 h) with 40 g chocolate and to 203 ngaml (0.7 mmolal) Plasma kinetics of epicatechin M Richelle et al (maximum at 2.57 h) with 80 g chocolate, P 0.002. Interestingly, the C max and AUC of the plasma epicatechin kinetics were proportional to the dose of chocolate ingested (Table 1 ). The clearance of epicatechin from the plasma compartment was very fast (t 1a2 for elimination of 1.9 h, and 2.3 h for 40 g and 80 g chocolate, respectively).
Theobromine was present in high amounts in black chocolate and therefore was used as a marker of the absorption of cocoa products. Although volunteers were asked to refrain for one day from cocoa products, theobromine (Figure 2 ) remained detectable in plasma at 0 h, with values corresponding to 0.3 mgaml (1.8 mmolal). After the consumption of chocolate, this concentration reached a maximum of 6.2 mgaml (34 mmolal) and 11.3 mgaml (63 mmolal) for 40 g and 80 g chocolate, respectively, P 0.0001. Similarly to epicatechin, the maximum of the curve was obtained at 2.25 h with 40 g chocolate and at 3.25 h with 80 g. The C max and AUC of plasma theobromine concentration were related to the chocolate dose ( Table 2 ), indicating that theobromine absorption was not saturated. However, the kinetics following 80 g chocolate absorption were slightly delayed compared to following 40 g; this may be due to the ad libitum bread consumption. After the maximum, plasma theobromine declined slowly, leading to a still elevated plasma concentration at 8 h (t 1a2 for elimination of 6.69 h and 8.15 h for 40 g and 80 g chocolate, respectively, P 0.04). This demonstrates a slow theobromine clearance from the plasma compartment.
Discussion
A better understanding of the protective role of dietary antioxidants in vivo requires quantitative data on their absorption (Hollman & Katan, 1997) . Thus, after consumption, polyphenols have to cross the intestinal wall but must also resist further catabolism. The metabolism of epicatechin involves two important organs: the liver, where biotransformation enzymes convert epicatechin or their metabolites into conjugated forms such as glucuronides or sulphate (Shargel & Yu, 1992) , and the colon, where microorganisms degrade unabsorbed epicatechins (Rowland & Tozer, 1995) .
In the present study, epicatechin but not its metabolites are assessed in plasma and the kinetics of appearance of epicatechin into the plasma compartment are characterised. Plasma concentration curves represent the net result of two opposite processes: absorption vs elimination (which involves catabolism, storage in tissues and excretion in urine). Theobromine is present in high amounts in chocolate and is therefore used as a marker of the absorption of chocolate. After consumption of a single dose of chocolate, epicatechin was rapidly absorbed leading to an appreciable amount of epicatechin in plasma (0.3 ± 0.7 mmolal with 40 g and 80 g chocolate, respectively). The maximal plasma concentration as well as the area under the curve were strongly related to the dose of chocolate, indicating that no saturation of the absorption is reached at these levels. Statistical signi®cance between groups were *P`0.05; **P`0.01; ***P`0.001.
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Intake of a single dose of 230 mg of epicatechin (epicatechin, epigallocatechin, epigallocatechin gallate) from green tea extract led to a rise of plasma concentration of 0.6 ± 1.6 mmolal . A recent study involving consumption of green tea extract containing 225 mg of epigallocatechin gallate and 7.5 mg epigallocatechin led to an elevation of plasma epicatechin by 0.7 mmolal (Nakagawa et al, 1997). In the present study, a single epicatechin intake of 164 mg from 80 g of black chocolate resulted in plasma concentration increase of 0.7 mmolal. These results suggest that epicatechin is similarly absorbed from both food matrices.
Milk proteins are thought to decrease the absorption of tea epicatechins (Sera®ni et al, 1996) . We have demonstrated that milk does not affect the antioxidant potential of cocoa, in an in vitro LDL oxidation model (personal data). However, in vivo, epicatechins are subjected not only to the presence of milk but also to a low gastric pH; therefore, the question of absorption of cocoa polyphenols in the presence of milk must be addressed in the future.
Chocolate consists of a complex mixture of polyphenols (Grif®th, 1958) of which epicatechin represents around 35%. The results of this study show signi®cant plasma levels of epicatechin (0.7 mmolal) after consumption of a single dose of 80 g chocolate. It would therefore be reasonable to believe that the total concentration of cocoa polyphenols would be higher than 1 mmolal, which is in the accepted range to achieve a biological effect (Rice-Evans et al, 1996) . Further studies are necessary to elucidate whether polyphenol antioxidants from cocoa are active in vivo. Statistical signi®cance between groups were *P`0.05; **P`0.01; ***P`0.001.
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